determination of Cr(III) and total chromium (Cr(III) + Cr(VI)) at 0.02 µg l -1 .
Recently, Motomizu et al. 9 reported an on-line FI system using anion-and cation-exchange resins coupled with ICP-AES. These ion-exchange resins cannot be used to collect chromium in seawater due to the high concentration of the seawater matrix. Therefore, in this study, an on-line preconcentration system using dual columns containing iminodiacetate chelating resin was proposed for the speciation of Cr(III) and Cr(VI) in seawater. In this system, Cr(III) was collected on the first column. Chromium in the effluent from the first column was collected on the second column after passing through the reduction-switching unit, in which a reducing agent was introduced, or not, for the reduction of Cr(VI) to Cr(III). Cr(VI) was determined as the difference between the concentration of all Cr(III) reduced and Cr(III) collected in the second column. Hydroxyammonium chloride was used as a potential reducing agent for the conversion of Cr(VI) to Cr(III). The collected species were sequentially eluted with 2 M nitric acid and measured by ICP-AES.
Experimental

Reagents and materials
All of the chemicals used were of analytical reagent grade, unless otherwise specified. A 100 mg l -1 stock standard solution of Cr(III) was prepared by dissolving chromium nitrate nonahydrate (Wako) in a 0.01 mol l -1 nitric acid solution (Kanto Chemical). A 100 mg l -1 Cr(VI) stock standard solution was prepared by dissolving sodium chromate tetrahydrate (Kanto Chemical) in ultrapure water. The standard solutions of Cr(III) and Cr(VI) were prepared daily by accurate dilution of the stock solutions. The reducing agent was prepared by the accurate dilution of a stock solution of 10 w/v% hydroxyammonium chloride (Wako). A method for the preconcentration and speciation of chromium in seawater was developed. On-line preconcentration and determination were carried out by using inductively coupled plasma atomic emission spectrometry (ICP-AES) with dual mini-columns containing a chelating resin. In this system, Cr(III) was collected on the first column. The effluent containing residual chromium from the first column was collected on the second column after passing through a reduction-switching unit, in which the reducing agent was introduced, or not, for the reduction of Cr(VI) to Cr(III). Cr(VI) was determined as the difference between the concentration of pre-reduced Cr(VI) and Cr(III) in the effluent from the first column. The detection limits for Cr(III) and Cr(VI) were 0.04 and 0.09 µg l -1 , respectively.
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Artificial water was comprised of sodium chloride (0.42 mol, Wako), potassium chloride (0.01 mol, Aldrich), calcium chloride (0.01 mol, Aldrich), magnesium chloride, (0.05 mol, Aldrich) and sodium sulfate (0.02 mol, Aldrich) per liter of water.
An iminodiacetate resin (Muromac A-1, 50 -100 mesh: Muromachi Technos) was used for collecting and preconcentrating the Cr(III) species. Solid-phase columns were prepared by packing the resin into PTFE tubing (5 cm × 2 mm i.d.) equipped with plugs of quartz wool at both ends of the tubing to keep the resin inside the column.
Apparatus
The ICP-AES system (Vista Pro, Seiko Instrument, Japan) was used to measure chromium. The optimized operating conditions of ICP-AES were as follows: RF power, 1.2 kW; plasma gas 15 l Ar min -1 , auxiliary gas 1.5 1 Ar min -1 , nebulizer gas 0.75 l Ar min -1 ; measurement mode, time-scan mode; analytical line, 267.716 nm. PTFE tubing (0.5 mm i.d.) was used for assembling the flow lines in a flow injection pretreatment system.
Procedure
Schematic diagrams for the on-line separation/preconcentration of Cr(III) and Cr(VI) are shown in Fig. 1 . The chromium in seawater samples (pH 3.3) was collected in the resin column. In acidic regions, Cr(III) exists as cationic species, Cr(OH)n (3-n)+ , whereas Cr(VI) exists as anionic species, CrO4 2- . Therefore, in the first column, only Cr(III) was collected, while unretained chromium passed through the first column, and was subsequently reduced by hydroxylamine to Cr(III), which was collected on the second column. In this system, the conversion of Cr(VI) to Cr(III) was about 73%. 10 After the tube and columns were washed with pure water, the collected chromium species were eluted with 2 M nitric acid. The analytes zones eluted from the columns were introduced to ICP-AES for their measurements.
In the next step, a similar procedure was performed without delivering the reducing agent. Therefore, Cr(III) was obtained from the first column and Cr(VI) was determined as the difference with or without a reducing agent from the second column. The procedure for the determination of Cr(VI) is a little complicated because a small amount of Cr(III) was suspected to have passed through the first column, which was collected on the second column.
Results and Discussion
Effect of the pH on the collection of chromium species in seawater
The effects of the pH on the collection of chromium with the iminodiacetate resin were examined by using a batch column procedure. As shown in Fig. 2 , the chromium(III) was quantitatively collected at about pH 3.3, whereas the anionic species of chromium(VI) was slightly retained on the resin. This result was also similar to a previously reported result for the speciation of chromium in fresh water. 10 In this dual column system, Cr(VI) was reduced to Cr(III) and collected on the second column. Hydroxyammonium chloride was used as a reducing agent for the conversion of Cr(VI) to Cr(III). Because the recovery of Cr(III) in the first column was not 100%, a small amount of Cr(III) may be collected in the second column. Therefore, the reduction-switching unit was installed between the first and second columns. In the switchon position, the Cr(VI) was reduced to Cr(III), which was collected on the second column together with residual Cr(III) from the first column. In the switch-off position, only the residual Cr(III) was collected in the second column. Then, Cr(VI) was determined by subtracting the amounts of chromium obtained with and without the introduction of a reducing agent in the second column.
Effect of coexisting ions
The interference due to the coexisting ions on the determination of 2 µg l -1 of Cr(III) or Cr(VI) was studied. The single matrix of each 1000 mg l -1 of Na, K, Ca and Mg gave serious interferences, which resulted in the recoveries of Cr(III)
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ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 ; sample volume, 10 ml. The flow signal of (b) was shifted so that the peaks can be easily viewed. of 105% (Na), 103% (K), 400% (Ca), and 310% (Mg), respectively. Figure 3 shows the changes in the flow signals of chromium species in pure water and artificial seawater containing 2 µg l -1 of both Cr(III) and Cr(VI). It was found that the Cr(III) and Cr(VI) peaks increased compared with that of the chromium signals prepared in pure water. This means that the matrix element causes the increase in background signals. 11 Therefore, in this work, the matrix-match calibration method, in which the artificial seawater was contained in the standard solution, was used to calculate the Cr(III) and Cr(VI) concentrations in seawater. The calibration graphs showed a good linearity in the concentration range of 0.2 -2.0 µg l -1 . The detection limits using 10 ml of the sample solutions, which correspond to three-times the standard deviation of the blank solution, were 0.04 and 0.09 µg l -1 for Cr(III) and Cr(VI), respectively.
Determination of chromium in the standard reference material and recovery in spike seawater samples
The on-line dual-columns system was validated through the determination of chromium in the standard reference material of seawater, CASS-4 (National Research Council of Canada). The recovery test of spiked samples of Muroto surface seawater was also examined. By using the proposed method, satisfactory results were obtained as shown in Tables 1 and 2 , which were indicated by almost 100% recoveries of the chromium species.
Seasonal variations of chromium species in Muroto deep seawater (DSW) and surface seawater (SSW)
The on-line dual columns system was applied to the determination of Cr(III) and Cr(VI) in Muroto seawater. The samples were collected from Kochi Prefectural Deep Seawater Laboratory located at Muroto coastal east, Kochi prefecture, Japan. In this laboratory, the seawater was pumped up through polyethylene pipelines from two sampling sites: a deep-sea site at a depth of 320 m and away from the coast by approximately 2 km (33˚17.63′N, 134˚13.12′E), and a surface-sea site at a depth of 0.5 m and near the coast, within approximately 10 m.
DSW and SSW samples were collected in polypropylene bottles on a four-season basis from October 2003 to July 2004. The sample solutions were filtered through a 0.45 µm membrane filter of nitrocellulose ester, and stored in a refrigerator (4˚C) before analysis. The seasonal variations of the concentration of Cr(III) and Cr(VI), and the ratios of Cr(III) to the total chromium are presented in Fig. 4 . The concentration of Cr(III) in DSW was lower than those in SSW, while the concentration of Cr(VI) in DSW was generally higher than that in surface water. The depth-dependency in Muroto seawater was similar to those in other ocean areas. 12 Probably, in SSW, the uptake of Cr(VI) by microorganisms is predominantly performed and Cr(VI) is subsequently reduced to Cr(III), whereas less biological activity occurrs in DSW, and therefore, Cr(VI) is regenerated due to biogenous matter degradation or coprecipitated particulates with hydrated metal oxides. 13 Therefore, the ratios of Cr(III) to the total chromium in DSW were relatively low and constant in the range from 18.1 to 28.7%. On the other hand, those in SSW were from 24.2 to 45.1%.
Conclusion
The on-line dual columns system is convenient and effective for the determination of chromium species in seawater samples. It was successfully applied to the speciation of Cr(III) and Cr(VI) in deep and surface seawater samples. 
